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Abstract 
Binary ionic liquid composed of 1-propyl-3-methylimidazolium iodide (PMII) and 1-butyl-3-methylimidazolium thiocyanate 
(BMISCN) were mixed at four different ratios to study its effect on the dye-sensitized solar cells’ (DSSCs) efficiency. The 
addition of low viscosity ionic liquid which is BMISCN is to overcome the low mass transportation of iodide/triiodide faced by 
pure PMII. Therefore, the effect of mixing different ratios of these ionic liquids on the viscosity and triiodide diffusion 
coefficient were studied and the best ratio was identified. Based on the experimental work, the mixture of BMISCN with PMII of 
higher viscosity has allowed reducing the mass transport limitation of tri-iodide in the electrolyte as the effect of lowering the 
overall ionic liquid’s viscosity. The binary electrolyte PMII: BMISCN (1:0.75) give the highest power conversion efficiency of 
1.89 %, with a fill factor of 0.47, open circuit voltage of 0.62, and short circuit current density of 6.52 mA/cm2 and triiodide 
diffusion coefficient of 8.47 x 10−7 cm2 s-1. This work has provided valuable insight for further development of binary ionic 
liquid electrolyte for DSSCs. 
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1. Introduction 
Dye-sensitized solar cells (DSSCs) are becoming appealing option to researchers and industry for potential 
energy production. It is due to its potential low-cost with reasonably high efficiency compared to the conventional Si 
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and thin film cell [1]. There are three major components of DSSCs which are the semiconductor, the dye and the 
electrolyte. According to Yu [2], the electrolyte is responsible for the inner charge carrier transport between 
electrodes. It consists of a redox couple such as iodide/triiodide and/or additives dissolved in a solvent. The 
iodide/triiodide ions continuously regenerate the dye and itself during DSSCs operation. After the iodide ion in the 
electrolyte reduce the excited dye, it dissociates when a second iodide comes in forming di-iodide radicals. Then, the 
diiodide radicals react to from triiodide and iodide. The regeneration cycle of electrolyte is completed by the 
conversion of triiodide to iodide ions at the counter electrode.  
 Incipiently, the organic solvents were commonly used in the electrolyte for DSSCs due to its high efficiency in 
producing energy. The highest DSSCs efficiency by using organic solvents recorded is about 12% [2]. However, as 
stated by Kawano et al. [3] and supported by Yu[2], the high volatility of the solvents caused them to evaporate 
under thermal stress and causes deterioration of the cell over prolonged use.  Therefore, ionic liquid solvents have 
been pursued as promising electrolyte as they possess good chemical and thermal stability, high ionic conductivity, 
tuneable viscosity and also low volatility [4].  
Imidazolium-based ionic liquids have almost dominated the research of ionic liquid-based electrolyte due to high 
photovoltaic performance of the solar cells. However, the high viscosity of this ionic liquid limits the transportation 
of triiodide in the electrolyte. As a consequence, binary ionic liquid electrolyte has been introduced to overcome the 
problem. Low-viscosity ionic liquid is mixed with imidazolium iodide to achieve higher efficiency of DSSCs. In 
most study, thiocyanate (SCN)-based ionic liquid is mixed with imidazolium based ionic liquid in ratio of 13:7 [5] 
and 12:8 [6]. Until now, there is no study which indicate the best ratio of these ionic liquids that could give high 
DSSCs efficiency.  
For that reason, the ratio of binary ionic liquid composed of PMII and BMISCN were examined over four 
different ratios and its effect on the viscosity and the triiodide diffusion coefficient were studied. By analysing the 
photovoltaic performance of the DSSCs, the best ratio of the binary ionic liquid that optimize the efficiency was 
identified. 
2. Experimental 
2.1 Materials 
 
1-butyl-3-methylimidazolium thiocyanate (purity of ≥95%), lithium iodide, LiI (purity of 99.99%) and iodine, I2 
(purity of 99.8%) were purchased from Sigma Aldrich. The ionic liquid PMII was synthesized similar to the 
procedure proposed by Kim et al. [7]. 0.1 mol (8 ml) of 1-methylimidazole was dissolved in 80 ml of THF and 
0.106 mol (10.4 ml) of 1-iodopropane was added to the solution. The mixture was refluxed with vigorous stirring at 
50 °C for 20 hours and cooled down to room temperature. Then, the mixture was extracted with THF then with ethyl 
acetate. The solvents are removed and dried in rotary evaporator under reduced pressure. A yellow colour liquid was 
isolated. with a yield of 85.3%. NMR Spectroscopy analysis was performed to confirm the chemical structure of the 
ionic liquid. 1H NMR (500 MHz, D2O, 25 °C): δ (ppm) = 8.8 [s, 1H], 7.5 [s, 1H], 7.4 [s, 1H], 4.1[t, 2H], 3.9[s, 3H], 
1.8[m, 2H], 0.8[t, 3H]. 
 
2.2 Mixture preparation 
 
 PMII and BMICSN were mixed at four different volume ratios which are 1:0.25, 1:0.5, 1:0.75 and 1:1. 2.0 M I2 
and 2.0 M LiI were added into these binary ionic liquids. 
 
2.3 Viscosity Measurement 
 
     Viscosity of the ionic liquids were measured by using Brookfield Viscometer. The measurement was carried out 
at room temperature and speed of the rotating spindles were maintained at 250 rpm for all ionic liquids. 
 
2.4 Determination of triiodide diffusion coefficients 
 
Electrochemical Impedance Spectroscopy (EIS) was used to measure the triiodide diffusion coefficient. The 
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method of measuring the triiodide diffusion coefficient was carried out according to Adachi et al. [8]. From the 
Nyquist plot and Bode diagram, the peak frequency of the low frequency arc, ωmax can be determined. The triiodide 
diffusion coefficient, D was calculated by using equation (1) with the thickness of the thermoplastic resin film, δ 
used in this study is 50 μm.  
 
ܦ ൌ ሺ ଵଶǤହሻɁ
ଶᫍ௠௔௫                              (1) 
 
2.5 Fabrication of DSSCs 
 
A fluorine-tin-oxide (FTO) conductive glass with a sheet resistance of 30 Ω was used as the substrate. 20 nm-
sized TiO2 nanoscale materials was printed on the glass by repetitive coating and calcination. Then the film was 
immersed in an ethanol solution of the ruthenium dye cis-di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxylate-4’-
tetra-butylammonium carboxylate)-ruthenium(II)(N719, Solaronix) for 12 hours. The concentration of the dye is 3 x 
10-4 M. For the counter electrode, thin layer of platinum was deposited on the glass and injecting hole was made by 
sand-blasting drill. Both electrodes were assembled and sealed with thermoplastic  sealent(Surlyn) with thickness of 
50μm as the spacer by heating. The electrolyte was filled into the cells using a vacuum back filling system. A 
commercial liquid electrolyte DYESOL-EL-HSE with organic solvent is used as comparison.   
 
2.6 Photovoltaic measurement 
 
A Newport M-66907 450 W xenon light source through an infrared blocking filter with a Keithley 2400 digital 
source meter linked to a computerized control and data acquisition system is used to measure the photovoltaic 
reading of the solar cells. 1000 Wm-2  of light intensity is used under standard air-mass radiation AM 1.5 light source 
with an active area of 1 cm2. The cell temperatures were kept at 25°C during the illumination. At the beginning of 
the experiment, the light intensity is calibrated using a mono-Si reference solar cell.  
3. Results and discussion 
3.1 Viscosity measurement 
 
The visocsity of the ionic liquids were measured using Brookfield Viscometer. Based on the highest percentage 
of accuracy of each sample, the viscosity of the ionic liquids measured in room temperature is as shown in Table 1. 
                                    Table 1. Viscosity of ionic liquids at different mixtures 
Ionic Liquid  Viscosity (cP) 
PMII 336 
BMISCN 56 
PMII:BMISCN (1:0.25) 300 
PMII:BMISCN (1:0.5) 241 
PMII:BMISCN (1:0.75) 168 
PMII:BMISCN (1:1) 68 
 
The viscosity of BMISCN measured agreed well with the study conducted by Urszula & Malgorzata (2012) [9]. 
From the viscosity measurement, it is shown that the viscosity of PMII is six times higher than the viscosity of 
BMISCN. We can clearly observe a trend where, the viscosity of the binary ionic liquid decreases with decreasing 
concentration of PMII at constant temperature. Reducing PMII content from 100 vol% to 80 vol% results in a 
viscosity decrease of 11% of the pure PMII.  Further reduction of PMII content to 50 vol% caused reduction of 80% 
of the initial viscosity. Thus, the addition of BMISCN into PMII can produced a binary ionic liquid with lower 
viscosity. 
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3.2 Triiodide diffusion coefficient measurement 
 
The effect of viscosity of the ionic liquids on the triiodide diffusion coefficient was studied by measuring the 
triiodide diffusion coefficient by using EIS. From the EIS measurement, the triiodide diffusion coefficient of the 
pure ionic liquid BMISCN is noticeably lower than the pure ionic liquid PMII. For the binary ionic liquid 
electrolytes, as the concentration of PMII in the electrolyte decreases, the viscosity also decrease, therefore allowing 
the triiodide diffusion coefficient to increase. This relationship is clearly shown in Fig. 1. This is because low 
viscosity of the electrolyte enables the triiodide ions to diffuse easily to the counter electrode to be reduced back to 
iodide. Therefore combining ionic liquid of high triiodide diffusion coefficient and a low viscosity ionic liquid gives 
a synergistic effect on overall performance of the ionic transport in the electrolyte.  This result is in agreement with 
the study conducted by Wachter et al. [10] which stated that the triiodide diffusion coefficient shows strong increase 
with decreasing viscosity.  
 
 
Fig. 1 Triiodide diffusion coefficient of the studied ionic liquid electrolytes  
3.3 Photovoltaic measurement 
Table 2. Photovoltaic parameters measured under the illumination of AM 1.5 full sunlight and triiodide diffusion coefficient values. 
DSSC with different electrolytes Fill factor, 
FF 
Voc (V) Jsc (mA/cm2) Efficiency,η 
(%) 
DI(cm
2 s-1) 
 
BMISCN  0.57 0.54 2.63 0.81 5.80 x 10−7 
PMII  0.52 0.55 4.19 1.19 5.98 x 10−7 
PMII:BMISCN (1:0.25) 0.47 0.58 5.53 1.52 7.01 x 10−7 
PMII:BMISCN (1:0.5) 0.48 0.59 5.50 1.58 8.37 x 10−7 
PMII:BMISCN (1:0.75) 0.47 0.62 6.52 1.89 8.47 x 10−7 
PMII:BMISCN (1:1) 0.48 0.59 5.42 1.52 9.85 x 10−7 
DYESOL EL-HSE 0.46 0.66 9.06 2.80 1.34 x 10−6 
 
Table 2 shows the photovoltaic parameters measured and triiodide diffusion coefficient values for all cells using 
ionic liquid electrolyte as well as reference commercial liquid electrolyte DYESOL-EL-HSE. For the binary ionic 
liquid, the ratio of PMII to BMISCN does affect the efficiency of the cells. The ratio gives a big impact to the 
photocurrent of the DSSCs as shown by the I-V characteristics curve in Fig. 2. Initially the photocurrent of the 
DSSCs increases from PMII until it reaches the maximum at PMII: BMISCN (1:0.75) and then it decreases. It is 
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shown that as the triiodide diffusion coefficient increases, the photocurrent is also increased. This is because high 
diffusion rate enables the triiodide to diffuse easily to the counter electrode. For PMII electrolyte, its high viscosity 
caused it to have low diffusion rate thus hindering its ability to diffuse towards the counter electrode after being 
oxidized after donating electrons to the dye molecules. This would in turn increases the rate of electrolytes capturing 
electrons that is diffusing through the TiO2 nanoparticles in the photoelectrode of the DSSCs which results in back-
recombination and contributes to photocurrent losses and impacts performance of DSSCs. 
 
 
Fig. 2 I-V characteristics curve of DSSCs for different electrolytes 
For binary ionic liquid electrolyte consists of PMII: BMISCN (1:1), even though it has the lowest viscosity, the 
triiodide diffusion coefficient is lower than PMII: BMISCN (1:0.75). The result in photovoltaic measurement also 
follows the same trend where the short-circuit current density Jsc decreased resulting a lower power conversion 
efficiency. The decreased of the short-circuit current density, Jsc could be explained by assuming that in that cell, 
different limiting processes are dominant. Based on Wachter et al. [10], there are four major processes that limits the 
efficiency of DSSCs which are light harvesting, recombination of dye-cation or reduction of triiodide with 
previously injected electrons at the TiO2 electrode, diffusion of triiodide to the counter eletrode and its reduction at 
the counter electrode. Therefore, for DSSCs with ratio of PMII:BMISCN 1:1, the triiodide diffusion coefficient no 
longer becomes the limiting process dominant in the cell. The efficiency of pure PMII is 1.19% and it is higher than 
BMISCN due to the presence of iodide ions in the ionic liquid. The efficiency of the DSSCs is directly proportional 
to the current density, Jsc provided that the voltage of the cells is not strongly affected by the ratio of the binary ionic 
liquid. The binary ionic liquid electrolyte of PMII: BMISCN at a ratio of (1:0.75) gives the highest efficiency of 
1.89% comparable with the result obtained for the commercial liquid electrolyte DYESOL-EL-HSE. 
4. Conclusion 
Based on the result obtained from the experimental work, we demonstrate that the addition of low viscosity ionic 
liquid which is BMISCN into the high viscosity PMII reduces the mass transport limitation of triiodide in the 
electrolyte by lowering the viscosity of the ionic liquid. Furthermore, based on I-V measurement, it is shown that 
increasing the triiodide diffusion does increases the efficiency of DSSCs. However, further increase in triiodide 
diffusion coefficient after it has reached its optimum value leads to decreasing the DSSCs performance due to the 
changes of the limiting process dominant to the cells. The ratio 1:0.75 has been identified as the best ratio of binary 
ionic liquid of PMII: BMISCN as it has the highest power conversion efficiency among all the electrolytes.  
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